(Allyldimethyl)silyl-substituted cyclopentadiene C 5 H 5 SiMe 2 (CH 2 CH Ä/CH 2 ) (1) and indene C 9 H 7 Ã/1-SiMe 2 (CH 2 CHÄ/CH 2 ) (2) were synthesized by reaction of SiMe 2 (CH 2 CH Ä/CH 2 )Cl with NaC 5 H 5 or LiC 9 H 7 , respectively. Metallation of 1 with n-BuLi and TlOEt gave the corresponding lithium 3 and thallium 5 salts. The disilylcylopentadienes C 5 H 4 Ã/1-SiMe 3 Ã/1-SiMe 2 (CH 2 CH Ä/CH 2 ) (6) and C 5 H 4 Ã/1,1-[SiMe 2 (CH 2 CH Ä/CH 2 )] 2 (7) were prepared by reaction of 3 with the corresponding chlorosilanes. Ph 23). The molecular structure of 11 was studied by X-ray diffraction methods. The reactions of the dialkyl derivatives with B(C 6 F 5 ) 3 were monitored by NMR spectroscopy at variable temperature. The catalytic activity of the dichloro zirconium complexes in the presence of methylalumoxane (MAO) for ethylene polymerization was determined. #
zirconium derivatives were isolated by reaction of ZrCl 4 and Zr(h 5 -C 5 H 5 )Cl 3 ×/DME with the lithium salts 3 and 4, respectively. Alkylation of the metallocene complexes using MeLi, MgMeCl, Mg(CH 2 Ph)Cl and Mg(CH 2 Ph) 2 (THF) 2 afforded the monomethyl titanium [Ti(h -C 9 H 6 SiMe 2 (CH 2 CHÄ/CH 2 )}R 2 ] (R0/Me 19, CH 2 Ph 23). The molecular structure of 11 was studied by X-ray diffraction methods. The reactions of the dialkyl derivatives with B(C 6 F 5 ) 3 were monitored by NMR spectroscopy at variable temperature. The catalytic activity of the dichloro zirconium complexes in the presence of methylalumoxane (MAO) for ethylene polymerization was determined.
Introduction
Numerous studies on the synthesis and characterization of dicyclopentadienyl cationic Group 4 metal alkyls have been reported [1] based on the general agreement that this type of 14-electron system is the active species in a-olefin polymerization reactions [2] . They are formed when the precursor dicyclopentadienylmetal dichloride is treated with excess alkylating agent and strong Lewis acid methylalumoxane (MAO), or when dialkyl derivatives are treated with dealkylating agents such as [Ph 3 C] ' or B(C 6 F 5 ) ( , respectively) is weakly coordinated to the metal cation through interionic contacts or residual alkyl and fluorine interactions. As the olefin has an extremely weak coordinating capacity, these interactions need to be as weak as possible to allow the olefin to coordinate to the metal centre and insert into the metal Ã/ alkyl bond to promote polymeric chain lengthening. Free active 14-electron metal cations do not exist and even when no interactions with the counterion are observed, they are stabilized by coordination of a second molecule of the dialkyl complex to give dinuclear cations or through some type of intramolecular agostic interaction. Efforts have also been made to obtain welldefined single-component zwitterionic catalysts containing the counterion chemically attached to the cyclopentadienyl ring [3] .
Several attempts have been made to isolate or characterize the key alkene coordinated d 0 metal cation present immediately before the insertion step [4] . We reported [5] that the allylsilyl-substituted cyclopentadienyl ring is a convenient ligand to favour h 2 -coordination of the alkene moiety when cationic species are generated by reaction of the prochiral dialkyl Group 4 metallocenes with boron based Lewis acids.
We report here the isolation and characterization of Group 4 metallocene-type complexes containing this ligand, studies related to their cationic derivatives and ethylene polymerization activities and the X-ray molecular structure of the titanium complex [Ti(h 5 
Results and discussion

Synthesis of ring transfer agents and chloro complexes
The straightforward preparation of the substituted (allyldimethyl)silylcyclopentadiene C 5 H 5 SiMe 2 (CH 2 -CH Ä/CH 2 ) 1 was easily achieved in high yield by an improved synthesis based on the reaction of (allyldimethyl)chlorosilane with NaCp in hexane rather than the reported [6] allylation of the corresponding cyclopentadienylchlorosilane. Compound 1 was isolated as a yellow liquid in 86% yield, which freshly prepared can be stored at (/40 8C without dimerization. According to its 1 H NMR spectrum the isolated 1 consists of a mixture of two isomers due to the well known silatropic rearrangement, the isomer with the silyl group bound to the sp 3 carbon being the major component. As shown in Scheme 1, a similar reaction with LiC 9 H 7 afforded the silylindene C 9 H 7 Ã/1-SiMe 2 (CH 2 CH Ä/CH 2 ) (2) which was isolated in hexane as a yellow liquid in 69% yield after distillation. According to its 1 H NMR spectrum it contains a unique 1-substituted isomer. ] in a molar ratio of about 3/2, demonstrating that unselective attack to both silyl groups takes place [7] . In order to prepare 8 in better yield, avoiding separation problems, we decided to use the symmetric disilylcyclopentadiene C 5 H 4 Ã/1,1-[SiMe 2 (CH 2 CH Ä/ CH 2 )] 2 (7) which was isolated as a yellow liquid in high yield by a similar reaction of 3 with the (allyldimethyl)chlorosilane.
As shown in Scheme 2, the reaction of 
, respectively. Complexes 12Á/13 were isolated as colourless crystalline solids and 14 as a yellow solid after recrystallization from toluene/hexane. The indenyl complex was more air sensitive than the cyclopentadienyl derivatives although all of them can be stored without transformation for long periods under argon.
Synthesis of alkyl complexes
As shown in Scheme 3 methylation of the dicyclopentadienyl titanium complex 10 with 1 equiv. AA?BB? spin system for the monocyclopentadienyl titanium complex 8 and for all of the dicyclopentadienyl dichloro 9Á/13, dimethyl 16 Á/18 and dibenzyl 20 Á/22 complexes which have a plane of symmetry. Accordingly three resonances are observed for the ring carbons of these compounds in their 13 C{ 1 H} spectra. However, the methyl-chloro titanium complex 15 is an asymmetric molecule with a chiral metal centre, making the ring protons non-equivalent and evident as four multiplets corresponding to an ABCD spin system with five resonances observed for the ring carbons in its 13 C{ 1 H} spectrum. Complex 15 also shows two nonequivalent SiMe 2 groups, whereas all of the other, dichloro, dimethyl and dibenzyl complexes show one unique singlet. The resonance due to the methyl metalbound groups is observed in the 1 H and 13 C NMR spectra as one singlet for the mono- (15) and dimethyl (16Á/18) dicyclopentadienyl complexes displaced to higher field in the expected order CpTi B/Cp 2 Ti B/ Cp 2 Zr. The prochiral character of the metal centre in the dibenzyl derivatives 20, 22 makes the two diastereotopic methylenic protons appear as two doublets for the titanium complex 20, whereas one multiplet is observed for the zirconium derivative 22.
The two cyclopentadienyl protons of the indenyl ligand in complexes 14, 19 and 23 are not equivalent, being observed as two multiplets. This behaviour confirms that the silyl substituent is bound to the ring C-1 atom, inducing the chirality responsible for the nonequivalence of the two silicon-bound (14, 19 and 23) and zirconium-bound methyl groups in complex 19. The two benzyl ligands in complex 23 are also not equivalent and consequently their two pairs of methylenic benzyl protons are observed as four doublets between d 1.22 and 1.85. The 13 C{ 1 H} NMR spectra are consistent with this formulation.
Additionally the expected singlets due to the ring protons of the unsubstituted cyclopentadienyl ring and to the methyl protons of the permethylated ring are observed in the 1 H and 13 C NMR spectra of the corresponding complexes.
Single crystals of the mixed dicyclopentadienyl dichloro complex 11 appropriate for X-ray diffraction studies were isolated by crystallization from pentane. A drawing of 11 based on the X-ray structural analysis with the atomic labelling scheme is shown in Fig. 1 and selected bond distances and angles are given in Table 1 .
The molecule has the typical bent-metallocene structure with the titanium atom in a pseudotetrahedral coordination defined by the centroid of the cyclopentadienyl rings and the two chlorine atoms. The molecule is very similar to those reported for related compounds [Ti(C 5 H 5 )(C 5 Me 5 )Cl 2 ] [8] and [Ti(C 5 Me 5 ) 2 Cl 2 ] [9] . Complex 11 shows TiÃ/Cl (2.335(2) and 2.344(2) Å ) distances of the same order as those observed previously and the Cl1Ã/TiÃ/Cl2 angle (94.39 (7)8) has the value expected for d 0 complexes. The distances from the titanium atom to the Cp centroids (Ti Ã/Cp*, 2.109 Å and TiÃ/CpSi, 2.079 Å ) and the mean distance to the ring carbon atoms (Ti Ã/ Cp*, 2.417 Å and Ti Ã/CpSi, 2.393 Å ) are very close to the reported values. However, the silyl-substituted ring is clearly distorted showing two shorter Ti Ã/C(13) and Ti Ã/C(14) (2.344 (5) 
Studies related to cationic species
An earlier communication reported [5] 24, which showed C 2v symmetry for the phenyl ring, indicating that its stabilization is not due to benzallylic distortion [2e] but to the h 2 -coordination of the alkene moiety favoured by the long and fluxional pendant chain of the silyl substituent. The presence of a chiral metal centre and the enantiotopic face of the alkene give rise to two diastereomers in complex 24 however only one Cp resonance was observed in the 1 H and 13 C NMR spectra of 24 at (/80 8C. This behaviour would be consistent either with the formation of only one exo -or endo -isomer or more probably, with rapid interconversion on the NMR time scale between the two diastereomers via dissociation of the alkene followed by recomplexation to the opposite alkene enantioface. The metalÁ/olefin system could be described as a dative interaction from the highly polarized olefinic moiety with a significant electrostatic contribution. Energy differences between the exo -and endo-isomers should be small. However, the barrier for dissociation of the silyl Á/allyl alkene moiety bonded to zirconium would be expected to be lower than values previously reported [4, 10] for other chelated olefins. The dynamic behaviour observed for complex 24 between (/80 and (/10 8C was therefore attributed [5] to the reversible interconversion between two enantiomers by alkene dissociation combined with inversion at zirconium. From variable temperature NMR experiments values of DG % 0/11.4 kcal mol
(1 and E a 0/13.49/0.54 kcal mol (1 were calculated for interconversion between the two enantiomers through a C s symmetric transition state, consistent with theoretical data reported by other authors [4, 10] .
We have extended the same study to some of the Group 4 metal alkyl derivatives for which single cationic species could also be identified. All of these studies were carried out following the reactions of appropriate samples in CD 2 Cl 2 solutions in sealed NMR tubes by 1 H and 13 ( was detected by the presence of a broad singlet observed at Â/d 0.39 in the 1 H NMR spectra and the small Dd (dm(/dp):/2 ppm observed in the 19 F spectra. Both features suggest that the reaction products should contain the double bond of the allyl moiety coordinated to the metal, although the Table 1 Bond lengths (Å ) and angles (8) for 11 (15) 1.412 (7) C(11)Ã C(12) 1.413(7) C(12)Ã C (13) 1.409(9) C(13)Ã C (14) 1.354(9) C(14)Ã C (15) 1.382(9)
Bond lengths
Bond angles
Cp (1) is the centroid of C11, C12, C13, C14, C15 and Cp (2) ' 25 (see Scheme 3). Assuming that at (/ 80 8C alkene dissociation is fast and the two exo-and endo -isomers are in rapid equilibrium on the NMR time scale, the presence of two diastereomers would be expected as there are still two stereocentres: the metal and the enantioface of the 1-silyl-indenyl ligand. One diastereomer would locate the benzenic ring of the ligand eclipsed above the benzyl substituent, whereas in the other this ring would be staggered with respect to the benzyl substituent. The 1 H and 13 C NMR spectra of 25 at (/80 8C demonstrated that only one of the diastereomers was present, indicating that abstraction of benzyl by the boron Lewis acid is a highly selective reaction producing a unique diastereomer and maybe an undetectable amount of the second one. Appropriate NMR studies demonstrated that this single diastereomer corresponds to the conformation locating the benzyl substituent below the benzenic ring of the indenyl ligand. This is also consistent with the anisotropic displacement to highfield observed for one of the benzyl methylene (d 2.10) 13 C NMR spectra, the most remarkable change being the displacement to lower field observed for the internal olefinic carbon (25: d 173.1; 23: d 134.9). The same reversible dynamic behaviour described for 24 was also observed for 25 between (/80 and 10 8C. The benzyl-methylene resonances broaden between (/80 and (/40 8C to give two broad signals at (/20 8C and the same behaviour was observed for the silyl-methyl, silyl-methylene and olefinic protons, indicating that they are associated with a unique dynamic process which involves alkene dissociation combined with inversion at zirconium and recomplexation at the opposite side between the two enantiomers. The complexity of the broad and overlapped signals observed at temperatures higher than (/ 20 8C and the appearance of new signals due to decomposition products before reaching the rapid equilibrium condition prevented the measurement of kinetic parameters.
The formation of these cationic species containing the allylic alkene moiety very weakly coordinated to the metal suggests that such species should behave as active catalysts for olefin polymerization. (1 ) which contains two allylsilyl-substituted cyclopentadienyl rings. These small differences in activity are consistent with the comparable basicity and steric demands of the ligands attached to zirconium, in spite of the greater electron-donating ability of the indenyl compared with the cyclopentadienyl ligand [2c]. Polymerizations conducted over different time periods indicated that the activity decreases after 30 m, although after 1.0 h an activity similar to that found for ZrCp 2 Cl 2 was observed.
Conclusions
New dichloro metallocene-type Group 4 metal complexes containing silyl-substituted cyclopentadienyl ligands with a pendant allyl moiety have been successfully isolated and alkylated to give dimethyl and dibenzyl compounds. All have been thoroughly characterized by 1 H and 13 C NMR spectroscopy. The indenyl dibenzyl zirconium complex reacts with the Lewis acid B(C 6 F 5 ) 3 at (/80 8C to generate one unique diastereomer of the mononuclear cationic species, which contains the allylic olefin coordinated to the metal. This asymmetric cation exhibits dynamic behaviour similar to that known for the cyclopentadienyl dibenzyl derivative, as monitored by 1 H and 13 C NMR spectroscopy between (/80 and 10 8C, although kinetic parameters could not be measured for this process. Similar methyl-olefin-coordinated cations were also formed for titanium and zirconium derivatives although the complex mixture of resulting products prevented their characterization. The dichloro zirconocene complexes were used as catalysts for ethylene polymerisation showing activities slightly higher than those known for ZrCp 2 Cl 2 .
Experimental
General methods
All manipulations were performed under an inert atmosphere of argon using standard Schlenck techniques or a M Braun dry box. Solvents used were previously dried and freshly distilled under argon: tetrahydrofuran from sodium benzophenone ketyl; C 6 H 5 CH 3 from sodium; C 6 H 14 from sodium Á/potassium amalgam. Deuterated solvents from Scharlau were degassed, dried and stored over molecular sieves. (6) A 1.6 M C 6 H 5 CH 3 solution of n-butyllithium (7.52 ml, 12 mmol) was added to a solution of 1 (1.66 g, 12 mmol) in THF (80 ml) at (/78 8C. The mixture was allowed to warm to r.t. and stirred for an additional 3 h until gas evolution had completely ceased. ClSiMe 3 (1.83 ml, 18 mmol) was added to the resulting solution containing the lithium salt 3 at (/78 8C. The cooling bath was removed and the reaction mixture was stirred for 18 h at r.t. After removal of the solvent under vacuum the residue was extracted into C 6 H 5 CH 3 (2 )/75 ml), the solution was filtered and the solvent removed under vacuum to yield 6 as a light yellow liquid. Yield: 1.72 ml, 7.32 mmol, 61%. 
Synthesis of [C 5 H 4 ({SiMe 2 (CH 2 CH Ä/CH 2 )} 2 ] (7)
The same procedure described to prepare 6 was followed using ClSiMe 2 (CH 2 Ã/CH Ä/CH 2 ) instead of (9) A C 6 H 5 CH 3 (40 ml) solution of 5 (0.98 g, 2.76mmol) was added to a C 6 H 5 CH 3 (30 ml) solution of 8 (0.85 ml, 2.76 mmol) at r.t. The starting yellow solution became red and the mixture was stirred for 6 h at 60 8C. After filtration of the TlCl, the solvent was concentrated to 10 ml and treated with 20 ml of C 6 H 5 CH 3 . Complex 9 was isolated by cooling the solution to (/35 8C as a red microcrystalline solid. Yield: 0. 8 (10) The same procedure described to prepare 9 was followed using CpTiCl 3 (0.81 g, 3.65 mmol) instead of 8 to obtain 10 as a red microcrystaline solid. Yield: 0. 9 (11) The same procedure described to prepare 9 was followed using Cp*TiCl 3 (1. 18 g, 4.08 (12) A 1.6 M C 6 H 14 solution of n-butyllithium (5.9 ml, 17.6 mmol) was added to a solution of 1 (3.54 g, 17.6 mmol) in THF (80 ml) at (/78 8C. The mixture was allowed to warm to r.t. and stirred for additional 3 h until gas evolution had completely ceased. The resulting clear solution containing the lithium salt 3 was added dropwise to a C 6 H 5 CH 3 (20 ml) suspension of ZrCl 4 (2. 05 g, 8. 81 mmol) at (/78 8C. The mixture was allowed to warm to r.t. and stirred for additional 12 h. After removal of the solvent under vacuum the residue was extracted into C 6 H 5 CH 3 (60 ml) and the solution was concentrated to 10 ml and treated with C 6 H 14 (30 ml) to give 12 as a colourless crystalline solid, which was separated by filtration and dried under vacuum. Yield: 3.00 g, 6.13 mmol, 69%. (13) A THF (20 ml) solution of 3 (42.0 mmol) prepared as described for 12 was added dropwise to a suspension of [Zr(h 5 -C 5 H 5 )Cl 3 ×/DME] (14.9 g, 42.0 mmol) in THF (20 ml) at (/78 8C. The cooling bath was removed and the reaction mixture was stirred for 18 h at r.t. After removal of the solvent under vacuum the residue was extracted into C 6 H 5 CH 3 (150 ml) and the solution was concentrated to 10 ml and treated with C 6 H 14 (80 ml) to give 13 as a colourless crystalline solid which was separated by filtration and dried under vacuum. Yield: 11.48 g, 37 mmol, 88%. (14) The same procedure described to prepare 13 was followed using 2 (7.62 g, 36.0 mmol), a 1.6 M C 6 H 14 solution of n-buthyllithium (22. 108.3, 111.2, 125.6, 125.7, 125.9, 126.9, 127.3, 132.0, 133.5 (C 9 H 6 ), 134.6 (C H Ä/). Anal. Found: C, 52.12; H, 5.09. Calc.: C, 51.80; H, 5.03%. (15) A 3 M THF solution of MgClMe (0.48 ml, 1.44 mmol) was added at (/78 8C to a solution of 10 (0.5 g, 1.44 mmol) in C 6 H 14 (50 ml). The reaction mixture was stirred for 2 h while it was warmed slowly to r.t. The orange solution was filtered and the solution concentrated to 15 ml under vacuum and cooled to (/35 8C. (16) A 3 M THF solution of MgClMe (0.77 ml, 2.30 mmol) was added at (/78 8C to a solution of 10 (0.40 g, 1.15 mmol) in C 6 H 14 (50 ml). The reaction mixture was stirred for 2 h while it was warmed slowly to r.t. The orange solution formed was filtered and after removal of the solvent under vacuum complex 16 was collected as an orange oil and dried under vacuum. Yield: 0.23 g, 0.74 mmol, 65%. The same procedure described to prepare 16 was followed using a 1.6 M Et 2 O solution of methyllithium (2.1 ml, 3.4 mmol) and 12 (0.74 g, 1.51 mmol) The same procedure described to prepare 16 was followed using 14 (1.576 g, 3.58 mmol) and a 1.6 M Et 2 O solution of methyllithium (4.5 ml, 7.2 mmol) 107.2, 110.3, 111.6, 124.0, 125.1, 125.3, 126.6, 129.4, 135.7 (C 9 H 6 121.3, 121.5, 125.2, 125.6, 125.8, 126.0, 126.2, 126.3, 127.3, 128.4, 128.6, 130.3, 152.4 108.9, 109.9, 113.5, 115.6, 118.0, 118.5, 119.8, 147.8 (C 5 H 4 '/C 6 H 5 6.56, 6.60, 6.82 Á/6.87, 7.10 Á/ 7.25, 7.28, 7.47, 7.56, 7.60, 7.75 (m, 11H, C 6 H 5 '/C 9 H 6 ). 13 C NMR (500 MHz, CD 2 Cl 2 , 25 8C): d (/2.5 (SiMe 2 ), 1.9 (SiMe 2 ), 29.6 (SiC H 2 ), 48.0 (CH 2 Ph), 91.8 (Ä/C H 2 ), 109.2 (C 5 H 5 ), 173.1 (C H Ä/), 95. 6, 105.3, 111.4, 112.0, 113.3, 121.6, 123.4, 127.7, 129.2, 130.5, 131.3, 131.7, 149 .0 (C 6 H 5 '/C 9 H 6 ). Red crystals of compound 11 were obtained by cooling a concentrated pentane solution and a suitable sized crystal was sealed under argon in a Lindemann tube and mounted in an EnrafÁ/Nonius CAD 4 automatic four-circle diffractometer with graphite monochromated Mo Ka radiation (l 0/0.71073 Å ). Crystallographic and experimental details are summarized in Table 2 . Data were collected at room temperature. Intensities were corrected for Lp in the usual manner. No absorption or extinction corrections were made. The structure was solved by direct methods (SHELXL-90) [14] and refined by least-squares against F 2 (SHELXL-93) [15] . All non-hydrogen atoms were refined anisotropically, and the hydrogen atoms were introduced from geometrical calculations and refined using a riding model with fixed thermal parameters.
Synthesis of [Ti
(h 5 -C 5 H 5 ){h 5 -C 5 H 4 SiMe 2 (CH 2 CH Ä/CH 2 )}ClMe]
Ethylene polymerization experiments
All polymerization experiments were carried out in a 500-ml reactor charged with dry toluene and saturated bubbling ethylene for 30 m at 1 atm, purified, first over P 2 O 5 and then through AlMe 3 . Aliquots of toluene solutions of the cocatalyst MAO followed by the catalyst were injected having a total volume of 100 ml of toluene. The pressure was maintained at 1 atm at 21 8C during the polymerization experiment. After a determined time the reaction was quenched by addition of 5 ml of a methanol HCl solution (5%). The suspensions were stirred for 24 h, filtrated, washed with methanol and dried at 70 8C for 24 h. 
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